The promotion effects of 0.1% formaldehyde (HCHO) in phosphate-buffered saline (PBS) were tested in rat tracheal implants preexposed to a minimal carcinogenic dose of 468 pg benzo(a)pyrene (BAP) released. over one month from 865 pg BAP-beeswax pellets. At the time of pellet removal, the tracheas were made into open-ended, flow-through, tracheal implants (FTTI), and exposed twicelweek to HCHO for 30 weeks. Morphological alterations in the FTTi were monitored biweekly by collection of exfoliated cells from the luminal washings for cytopathologic diagnosis, and periodically by sacrificing animals for histopathology. FlTI exposed to the BAP followed by 30 weeks of HCHO had extensive squamous metaplasia, a high proliferation index of 7.87 [JH]thymidine-labeled cellslmm basement membrane, and foci of moderate and marked atypia. Clear diagnosis of some of the lesions was difficult because of the acute toxic effects of the repeated exposures to HCHO. These effects were seen in the tissues as well as in the exfoliated cells, which attest to the latter as an efficient, non-destructive, method for determining the responses of the tracheas to exposure to toxic and carcinogenic agents. R T I exposed to BAP followed by twice weekly PBS, had a mostly flattened epithelium, and a low proliferation index (0.39). FM'i exposed to beeswax pellets, followed by the HCHO had a relatively high proliferation index (4.20) in a mucociliary epithelium exhibiting some basal cell hyperplasia. Control F l T I had a normal mucociliary epithelium with a proliferation index of 1.52 ['Hlthymidine labeled cells/mm basement membrane.
INTRODUCTION
We are exposed daily to many hazardous agents in the environment which may act in concert to elicit toxic responses in the respiratory tract. Two of such agents, ubiquitous in the environment are benzo(a)pyrene (BAP), a well-known carcinogen (22) , and formaldehyde, a suspect carcinogen (3) . The acute and long-term toxicological changes leading to lung cancer induced by BAP have been described in many experimental models (1 1, 20) , including the tracheal implant model developed in this laboratory (1 2) . Although formaldehyde has long been considered an irritant to the respiratory tract (3,4), only recently was it shown in inhalation experiments to induce nasal cancers in mice and rats, (2, 21) . Recently we developed an open-ended, flowthrough tracheal implant (FTTI) model which enabled us to repeatedly expose tracheas to either solutions (1 8) or vapors (1 9) of fornialdehyde. In both situations, different doses of formaldehyde induced various degrees of hyperplasia, metaplasia and flattening of the epithelium. In the present report, we investigated the acute and chronic responses to formaldehyde of tracheas sensitized by preexposure to BAP, in a classical initiation-promotion scheme.
To this end, tracheal implants were exposed during one month to 460 pg BAP delivered from beeswax pellets, a dose which is minimally tumorigenic (1 2). The implants were then made into FTTI and exposed twice a week for 30 weeks to 0.1% formaldehyde in phosphate buffered saline, and the mor--phological changes induced in the tracheal mucosa monitored. Besides determining these changes from histological sections of the FTTI, for the first time, we attempted to follow progressive alterations in the FTT1 from the cflopathology Of the cells which exfoliated into the tracheal lumens.
TOXICOLOGIC PATHOLOGY 
METHODS

Preparation of Tracheal Implants and Exposirre.
Specific-pathogen-free male Fischer 344 rats were used as tracheal donors and host animals. All animals were anesthesized by inhalation of a mixture of methoxyfluorane, oxygen and air in ventilated chambers before surgery. Two tracheas were implanted subcutaneously on the backs of recipients as described earlier (5, 7). A month after implantation, BAP-beeswax pellets were inserted into the tracheal lumens, and left for 4 weeks. The BAP (Aldrich, Gold label)-beeswax pellets were made, and the carcinogen content assayed following published procedures (13). The pellets contained 855.7 f 18.9 pg BAP. The pellets removed from the tracheal implants after 4 weeks exposure had 387.4 f 7.2 pg BAP remaining (468 pg BAP released). At the time of pellet removal, both ends of the exposed tracheal implants were connected to the surface ofthe animal by terminal tracheostomies as described previously (1 8). This was done by making cross incisions in the skin directly above the ends of the tracheal implants. Both ends of the tracheas were cut off transversely, and the open ends fixed firmly to skin flaps with 4 small tantalum hemostatic clips (E. Weck & Co., Research.Triangle Park, NC) to make openings on the skin. One week after this operation, twice weekly exposure to 0.1% formaldehyde in pH 7.2 phosphate-buffered saline (PBS) or PBS alone was started. Details of the exposure procedure have been reported (1 8).
Animals bearing tracheal implants were divided into the four groups. Tracheal implants were exposed to BAP-beeswax pellets for 4 weeks and then exposed to 0.1% HCHO twice/week for 30 weeks (Group I). Group I1 tracheal implants were exposed to the BAP-beeswax pellets followed by twiceiweek exposure to PBS for 30 weeks. Group I11 tracheal implants were exposed for 4 weeks to beeswax pellets then to the HCHO treatment for 30 weeks. Control tracheas were exposed to beeswax pellets for 4 weeks followed by twice weekly exposure to PBS for 30 weeks (Group IV). Rats in Groups I (28 FTTI) and I1 (26 FTTI) were sacrificed for histopathologic assessment after 4,8, 16 and 30 weeks ofthe second treatment. Groups I11 and IV (6 FTTI for each) were all sacrificed at 30 weeks.
Histology and Azrtoradiography. For histopathological assessment, most of the resected FTTI were fixed in Bouin's solution cross sectioned into 8-10 rings, and embedded in one block of paraffin. At least four sections 150 pm apart were made from each paraffin block and stained with hematoxylin and eosin. Histological changes in the tracheal epithelium were evaluated based on the percent of the lumen in each trachea occupied by specific pathological changes (stratified hyperplasia, flattened epithelium, squamous metaplasia, atypical squamous metaplasia).
For autoradiographic study of proliferating cells at 30 weeks, two animals from the 4 experimental groups were injected ip with 2 pCi [)H]thymidine gram body weight one hour before sacrifice. The two FTTI from each animal were fixed in a 4% formaldehyde-1% glutaraldehyde fixative (9), cut into 8-10 rings and embedded individually in Epon 812. Sections 2 pm thick were prepared for autoradiography as previously described (6) . The sections were exposed to Kodak NTB-2 emulsion for 14 days, and stained with toluidine blue or hematoxylin and eosin. The [3H]thymidine labeling indexes (LI) were expressed as numbers of labeled cells attached to the basement membrane per mm ofbasement membrane as done by others (1 4) and in previous studies (1) . The number of labeled cells and the perimeter of the basement membranes were determined in 4 random tracheal rings from each FTTI. Cells with nuclei showing 5 or more grains were considered positive. After counting the number of labeled cells attached to the basement membrane in each ring, the perimeter in mm of this structure was established by projecting each section with a Zeiss projecting microscope attachment onto the screen of a Ladd graphic digitizer interphased with a Monroe 1860 calculator. This analytical system permitted a precise planimetric determination by specifically following with a cursor the contours of the basement membrane of the respiratory tract epithelium.
Cytology For cytopathologic assessment of exfoliated cells, the luminal contents of all FTTI were collected biweekly during the HCHO treatment. The luminal contents which accumulated over a 3-day interval between HCHO exposures plus a 10 ml PBS rinse were collected by gentle suction. The specimens were immediately mixed with an equal volume of 95% ethanol + 10% carbowax (final concentration 45% ethanol + 5% carbowax) and fixed overnight. The cells were centrifuged down (300 x g), and the sediment spread onto glass slides. The cells were then stained by the Papanicolaou method according to the procedure of Saccomanno (1 6), and the cytopathologic diagnosis (mild atypia moderate atypia, etc.) made following the standard criteria reported by Saccomanno (1 6).
RESULTS
Histopathologic Assessnieiit of Early Mricosal
Changes. The response of the tracheal implant mucosa during exposure to BAP-beeswax pellets has been described in detail (12) . One animal bearing two tracheal implants was sampled at the end of the 1 month exposure to BAP to confirm these findings. As reported earlier (1 2), hyperplastic and stratified hyperplastic epithelia dominated, but large areas of the epithelium were flattened. A few focal areas of thick squamous metaplasia were also observed. A detailed analysis of the more severe epithelial changes in 4 tracheas from Group I (BAP-HCHO) and from Group I1 (BAP-PBS) 8 and 16 weeks after the start of the second treatment is shown in Table  I . In Group I, 2 of the 4 tracheas showed 1-10% stratified hyperplasia and squamous metaplasia. Two of the 4 tracheas also had 1 to 10% flattened epithelium, while the 2 other tracheas had from 11 to 50% flattened epithelium. In Group 11, most of the epithelium in the 4 tracheas was normal-appearing mucociliary.
At 16 weeks, 3 of the 4 tracheas in the BAP + HCHO group exhibited some stratified hyperplasia and 3 of the 4 tracheas now showed focal areas of squamous metaplasia (Table I) . Mild atypia was obvious in these focal areas (Fig. la) . In Group I1 (BAP-PBS) there was only a small increase in stratified hyperplasia and flattened epithelium.
Histological Assessmerit at 30 ?Veeks. A more extensive assessment of the effects of BAP and HCHO on the tracheal implants was carried out at 30 weeks (Table 11 ). The tracheas exposed to BAP + HCHO showed a large increase in squamous metaplasia. Of the 16 tracheas which exhibited squamous metaplasia, 8 tracheas had more than 30% of the luminal surface covered with this type of epithelium. Several tracheas had moderate atypia (Fig.  2a) , and in 4 of them, focal areas of marked atypia were observed (Fig. 3a) . In the tracheas exposed to BAP-PBS, 6 of the 18 tracheas had a small amount of squamous metaplasia, 'and only mild atypia was noted. The morphological feature that predominated in Group I1 was an increase in flattened epithelium.
At 30 weeks, the tracheas in Group I11 and Group IV exhibited mostly normal to hypertrophic mucociliary epithelium with some basal cell hyperplasia. In both groups less than 10% of the epithelium was stratified hyperplasia, squamous metaplasia or flattened epithelium except for one trachea which was more hypotrophic.
[jJThyiiiidine Labeling Index. The proliferative capacity of the 4 experimental groups at 30 weeks was compared by injecting the host animals with [3H]thymidine 1 hour before sacrifice. Group I had the highest labeling index (7.87 k 4.0). Fig. 2a shows a moderately atypical lesion from this group displaying many labeled cells. Group I1 had the lowest labeling index (0.39 -t-0.2) which reflects the extensive flattening (atrophy) of the epithelium in this group. HCHO treatment alone induced a relatively high labeling index (4.20 -t. 1.3) commensurate with the basal cell hyperplasia seen in the mucociliary epithelium (Fig. 4a ). The control tracheas (Group IV) which exhibited mostly normal mucociliary epithelium had a mean labeling index of 1.52 2 0.80.
Cytological Assessment of Epithelial Changes in the Tracheal Implants. In this study, we explored Fig. 3a . Cytoplasm of this cell shows glassy orangephilia and nuclear shape is lobulated and distorted. Nuclear material is coarse and pycnotic (Papanicolaou, x 330).
FIG . 4.-(a) Mucociliary epithelium with basal cell hyperplasia in a Group I11 FTTI exposed for 30 weeks to HCHO following a beeswax pellet. Note labeled nuclei mostly in the basal cell layer in this autoradiograph (H&E, x 80). the possibility of following the progressive changes in the epithelia of the tracheal implants from the cells which exfoliate into the lumens between the twice weekly HCHO or PBS exposures. On the whole, histological sections of tracheas which showed extensive squamous metaplasia, hyperplastic mucociliary epithelium, or combinations of these types, showed similar types of cells collected from the luminal washings. Fig. 1 b shows mildly atypical cells common to the washings collected at 16 weeks from the lumens of tracheas in Group I which exhibited mild atypia in the epithelium (Fig. la) . However, spurious cells were occasionally seen during the early weeks of exposure, particularly in the luminal washings from Group I, which almost suggested cancer. Fig. l c and Id are examples of these rare cells. Fig. lc suggests cannibalism of atypical cells that one would tend to ascribe to carcinoma. Fig.  Id shows an enlarged and irregular nucleated cell suggestive of carcinoma, however, the typical chromatin clumping and highly cleared parachromatin characteristic of cancer were not obvious. Such cells were not found in any persistent pattern in specific tracheas during the course of thc experiment, and other evidence of cancer was lacking in these preparations. Such abnormal, enlarged cells were also commonly seen in histology preparations of tracheas shortly after exposure to BAP and HCHO as co-carcinogens (Marchok, unpublished results). We attribute these spurious abnormal cells to the acute toxic effects of the repeated HCHO exposures.
Cytological preparations of exfoliated cells from Group I showed more widespread evidence of moderately or markedly atypical cells late in the experiment. Table I11 shows the cytopathologic diagnoses on the exfoliated cells collected 28-30 weeks compared to the more severe lesions found in the histology sections of the tracheal implants from Group I at 30 weeks. In 4 cases, marked atypia was found in both the cytopathology and histopathology. Fig.  3b shows marked atypia in a cell which exfoliated from the trachea shown in Fig. 3a . Moderate or mildly moderate atypia was diagnosed in the cytopathology ( Fig. 2b) and histopathology ( Fig. 2a ) from 5 tracheas. Marked atypia was found in several exfoliated cell preparations in which only mild or moderate atypia was seen in the histological sections. It should be noted that since the whole trachea was not sectioned, not all the lesions may be detected. (1 8, 19) we could follow a classical initiation-promotion regimen to demonstrate that repeated exposure to HCHO for 30 weeks following exposure to BAP will promote 1) extensive squamous metaplasia, 2) a high proliferation index, and 3) foci of severe lesions which are thought to be precursors of tumors (1 0, 16). In contrast, the tracheas exposed only to BAP were lined mostly with atrophic epithelia which had a labeling index four times lower than the controls. Tracheas exposed to the 0.1% HCHO, for the most part, retained mucociliary epithelium, but proliferation in the basal layer was stimulated to almost three times the control levels.
DISCUSSION
With our recently developed open-ended tracheal implant model
Since the open-ended tracheal implants were rinsed twice weekly for the HCHO exposures, the cells which exfoliated into the lumens between treatments could be collected conveniently for diagnostic cytopathology. In this way the progressive alterations taking place over long-term exposure in the individual FTTI could be monitored easily without sacrificing the animals. Also, a well-defined target site is the source of exfoliated cells, and the chances ofobtaining cells representative ofthe whole trachea are high. In support of this, we found a correlation between the histopathology in sections of FIT1 from sacrificed animals, and the cytopathology of exfoliated cells. For example, tracheas with extensive areas of squamous metaplasia or mild atypia in the epithelium exfoliated large numbers of these cell types recoverable in the washings. In some cases, FTTI were classified less severe in the tissue sections than in the exfoliated cells. This is not unexpected, since the complete trachea was not sectioned for histology and lesions could have been missed. On the other hand, the cytology specimens represent exfoliation from the whole trachea and should be more sensitive.
Occasional bizarre cells were obtained in the luminal washings oftracheas exposed to HCHO alone, as well as, BAP + HCHO. This we attribute to acute toxic effects of the repeated exposure to HCHO. The difficulty of distinguishing the toxic responses from morphological manifestations of neoplasia in the airway was recently reviewed (1 0). The FTTi model will be more effective for detecting cellular changes directly related to the progression of neoplasia once the exposures are discontinued. We have recently determined that FI'TI can be periodically re-opened to collect luminal washings for at least several months (A. Marchok and L. Amseth, unpublished results).
In future experiments, the development of frank tumors will be followed in FI'TI after completing exposure to BAP and HCHO.
Schreiber et a1 (17) have compared the acute cytologic, histological and ultrastructural responses between high doses of BAP and HCHO in hamsters. Both agents induced microscopically similar squamous metaplastic changes in the tracheobronchial epithelium. However, there were several ultrastructural differences in the appearance of the chromatin, nucleoli and cytoplasm. The HCHO-induced changes were completely reversed 2 and 6 weeks after HCHO exposure, while the BAP-exposed animals developed mild, moderate and marked atypia by 6.5 weeks. HCHO was considered a non-carcinogen in this study, and Iater time points were not investigated. However, HCHO was shown to be carcinogenic to the noses of mice, and particularly in rats at inhaled HCHO concentrations that induced extensive hyperplasia and metaplasia in the nasal mucosa (2) . Promotion studies with low HCHO concentrations on skin showed little or no effects (8, 15). As pointed out in the Workshop on HCHO (1 5), higher doses which induce extensive cellular proliferation in skin may promote skin carcinogenesis.
In our initiation-promotion study described here, we selected an HCHO concentration (0.1%) that alone induced only mild hyperplasia in the tracheas within a few weeks (18) or after 30 weeks of exposure. Yet, this concentration was adequate to have considerable promotional effects on tracheal mucosa that was preexposed to BAP since extensive metaplasia and severe lesions were found. This suggests that BAP and HCHO, which are common to the environment, may have compounding effects on tumor development in man.
